The first campaign of stellar occultations with the Imaging Ultraviolet Spectrograph (IUVS) instrument on board of Mars Atmosphere and Volatile EvolutioN (MAVEN) mission was executed between 24 and 26 March 2015. From this campaign 13 occultations are used to retrieve CO 2 and O 2 number densities in the altitude range between 100 and 150 km. Observations probe primarily the low-latitude regions on the nightside of the planet, just past the dawn and dusk terminator. Calculation of temperature from the CO 2 density profiles reveals that the lower thermosphere is significantly cooler than predicted by the models in the Mars Climate Database. A systematically cold layer with temperatures of 105-120 K is seen in the occultations at a pressure level around 7 × 10 −6 Pa.
Introduction
Spacecraft observations of UV stellar occultations have proved to be a powerful technique for the study of upper atmospheric structure and composition. Stellar occultation observations by the Spectroscopy for Investigation of Characteristics of the Atmosphere of Mars (SPICAM) spectrograph on Mars Express (MEX) have been used to map the distribution of CO 2 , O 3 , aerosols, and temperature [Montmessin et al., 2006b [Montmessin et al., , 2006a Lebonnois et al., 2006; Forget et al., 2009; McDunn et al., 2010; Montmessin, 2013] in the Martian upper atmosphere providing important constraints on the circulation and physical processes controlling atmospheric structure. More recently, Sandel et al. [2015] identified the signature of O 2 in the SPICAM occultation measurement and inferred O 2 mole fractions from 1 × 10 −3 to 5 × 10 −3 in the 90-120 km altitude range. One of the principal results of these investigations is that the upper atmosphere of Mars is highly variable, requiring dense sampling in important geophysical variables (latitude, longitude, local time, solar activity, L S , etc.) to be adequately understood.
The Imaging Ultraviolet Spectrograph (IUVS) on Mars Atmosphere and Volatile EvolutioN (MAVEN) mission is designed to observe stellar occultations in both the FUV and MUV channels. The FUV measurements are sensitive to CO 2 , O 2 , and potentially clouds and aerosols, while the MUV are sensitive to CO 2 , O 3 , and clouds and aerosols. The first occultation campaign was carried out on 24-26 March 2015. We report here results from the FUV measurements. The stellar occultations are an important component of the overall MAVEN science goals because they are one of the two techniques (the other being limb profiles of UV emissions) that connect the upper atmosphere (around 110-200 km), probed by the in situ measurements on MAVEN, with the middle atmosphere (around 45-110 km). The IUVS FUV occultations probe altitudes of ∼100-150 km corresponding to pressures of 10 −2 to a few times 10 −6 Pa. This region is critical to an understanding of the Mars atmosphere because it encompasses the upper mesosphere, the mesopause (∼100 km), the homopause (∼125 km), and the lower thermosphere. Eventually, if we are able to understand this region, we will have gone a long way toward understanding the processes that control the exospheric temperature. This is critical for atmospheric escape rates, the ultimate goal of the MAVEN investigation. A complete overview of the MAVEN mission can be found in Jakosky et al. [2015] .
IUVS Stellar Occultations
The FUV channel of the IUVS covers the 110 to 190 nm spectral range with an intrinsic spectral resolution of 0.6 nm [McClintock et al., 2014] ; however, to reduce the data volume, four spectral pixels are binned to produce an effective sampling of 0.33 nm. Spatial imaging is not necessary for occultations, but 20 spatial lines are returned with each line corresponding to 6 spatial pixels in order to characterize instrument performance and background levels. The stellar signal is strongly concentrated in the central line with the other lines providing a measurement of background signal levels due to stray light and emissions from Mars. The signal is recorded with a cadence of 2.6 s consisting of 2 s of integration time and 0.6 s of overhead (detector readout, etc.) . This sampling rate corresponds to an altitude resolution between 1.5 and 4.5 km, depending on the geometry of the particular occultation.
The transmission of the atmosphere is calculated by dividing the spectra observed along lines of sight that penetrate the atmosphere by spectra recorded outside the atmosphere. Absorption signatures are present in the IUVS/FUV occultations up to altitudes of ∼160 km; therefore, we use the regions higher than 180 km to define an average unattenuated spectrum. Often, in the analysis of spacecraft occultations, it is necessary to shift the unattenuated spectrum before division to account for spectral shifts associated with changes in spacecraft inertial point during the occultation. The spectral shifts are best determined from the data itself, through the time dependence of wavelength shifts of features in the stellar spectrum. The MAVEN occultations are quite stable, and only in rare cases do we see any evidence for a spectral shift between the reference spectrum and attenuated spectra; thus, this correction is unnecessary for most of the data shown here.
The occultations are observed through the large "keyhole" at the end of the IUVS slit, which has an angular size of 0.69 ∘ by 0.90 ∘ [McClintock et al., 2014] . Because of the large size of the keyhole it admits significant radiation from the extended emissions from the Mars atmosphere, especially from the bright H Lyman α line at 121.6 nm. This contribution is easily recognized through its extended spatial signature and is subtracted off as background. As the H Lyman α background is also present at lower altitudes and constant with altitude, a mean value over altitudes where all the stellar signal is already absorbed is used for the correction. Background due to stray light and thermal noise on the detector is also subtracted from the data prior to calculation of the transmission, but these corrections are quite small.
The MAVEN stellar occultations are executed in dedicated campaigns that are scheduled to take place every other month. Each campaign lasts for five consecutive orbits, which is equivalent to one planetary rotation and provides complete longitudinal coverage. Different stars (see Table 1 for stars used in the first campaign) are targeted to obtain latitudinal and local time coverage. As they are periods of intense activity, the normal operation of the MAVEN spacecraft is suspended during the execution of these campaigns. In this first campaign a total of 60 occultations during five orbits were attempted by targeting 12 stars during each orbit. Because of an unforeseen timing problem some of the occultations are compromised and only 13 occultations are used here to retrieve CO 2 and O 2 number densities. Only 10 occultations have sufficient altitude sampling to permit calculation of temperature and pressure profiles. Stars, orbit number, and the corresponding geometry of the occultations in the first stellar campaign are listed in Table 1 . The data can be found in the Planetary Data System (PDS:http://atmos.nmsu.edu/data_and_services/atmospheres_data/MAVEN/maven_iuvs.html) (PDS) with the filename identifier v02_r01. This occultation campaign probes the atmosphere primarily on the nightside of the planet, just past the terminator at equatorial and midlatitude regions. The signal-to-noise ratio (SNR) per spectral bin is ∼22 near 130 nm, where the IUVS sensitivity is a maximum and the CO 2 band are detected, decreasing to ∼6 near 165 nm where the IUVS sensitivity has fallen to roughly half its peak value.
Our analysis approach builds on previous experience with occultation analysis [Montmessin et al., 2006b; Koskinen et al., 2011; Capalbo et al., 2013; Sandel et al., 2015] . The measured transmission spectra is fitted at each altitude assuming absorption by CO 2 and O 2 and using the Levenberg-Marquardt algorithm to retrieve the best fit column densities. We use CO 2 cross sections in the wavelength range from 106 nm to 192 nm composed from measurements of Stark et al. [2007] , Yoshino et al. [1996] , and Parkinson et al. [2003] . For O 2 we used again a composed absorption cross section from Ogawa and Ogawa [1975] , Lu et al. [2010] , Yoshino et al. [2005] , and Minschwaner et al. [1992] . As no cross sections for the temperature of interest are available, a semilogarithmic extrapolation is used to get absorption cross sections for 130 K. A detailed description of the absorption cross sections and their small sensitivity to the temperature dependency can be found in Sandel et al. [2015] . Column density profiles obtained from spectral fits are inverted to get the corresponding local densities by using the Tikhonov regularization method Sandel et al., 2015] . For the vertical inversion, convergence is achieved when the relative difference between the two latest iterations is lower than 10 −3 . A smoothing coefficient of 0.4 was chosen empirically to balance the smoothing of measurement noise while preserving real atmospheric perturbations.
Results
An example of a measured transmission spectra obtained during the occultation of Sco on orbit 00943 are shown in Figure 1 (top) . The colored lines show the fitted model transmission spectra using CO 2 and O 2 as possible absorbers. Figure 1 (bottom) shows the residuals between models and measurements. With the 2 statistics and the F test we are confident that O 2 can be detected. Visual examination of these spectra reveal the presence of an O 2 absorption feature at 120.6 nm as well as the characteristic vibrational structure of the CO 2 bands. The presence of the O 2 feature at 120.6nm confirms the detection of O 2 discussed in Sandel et al. [2015] which was based only on the broadband spectral influence seen in the lower resolution SPICAM/ MEX spectra.
The CO 2 and the O 2 abundance can be measured for Sco, the brightest star in this campaign, but only CO 2 for Lyr and Cep. For these fainter stars the H Lyman α airglow transmitted through the keyhole swamps the stellar signal near 120.6 nm and the O 2 absorption feature cannot be measured. The altitude dependent CO 2 and O 2 number density profiles retrieved from the occultations are listed in Table 1 [2014]. The F 10.7 solar flux at the time of the first occultation campaign was 138. Because MCD simulations for the current Mars year are not yet available, we compare our results to MCD profiles for the Martian Year (MY) 26 because the average F 10.7 index for this year (140-150) for the L S = 300-330 period is similar to that of the observations. Both observed and model CO 2 densities exhibit significant variability among the different occultations but are roughly consistent within this variability. Our results are also consistent with the Viking measurements [Nier and McElroy, 1977] and the recently published O 2 profiles obtained from stellar occultations taken with SPICAM/MEX [Sandel et al., 2015] . Our retrieved O 2 mixing ratios are between 1.5×10 −3
and 5 × 10 −3 which is in agreement with the mixing ratios published recently in Sandel et al. [2015] and previous observations by Viking 1 and 2. The O 2 densities inferred from the occultation appear to be systematically lower than predicted by the MCD models, though the difference is smaller than the variability.
The temperature profile for each occultation is calculated by applying the hydrostatic equilibrium constraint to the local CO 2 densities and using the algorithm described in Snowden et al. [2013] . Results are shown in Figure 3 . Calculation of the temperature profile from the density profile also requires specification of an upper boundary condition. We consider several choices. The green curves show calculations based on the assumption that the temperature at the upper boundary is equal to the temperature at the equivalent altitude for models in the MCD corresponding to the latitude, longitude, and local time for the particular occultation. The results are unsatisfactory because, for most profiles, there is a significant difference in slope between the retrieved temperature profile and the MCD profile at the upper boundary leading to large temperature differences at lower show temperature profiles calculated using the NGIMS profile [Mahaffy et al., 2015] (yellow line) as upper boundary conditions. The green curves show temperature profiles calculated using the MCD profile [Millour et al., 2014] (blue line) for the latitude, longitude, and local time of the occultation as upper boundary conditions. The shaded areas illustrate the uncertainties, calculated from the propagation of the errors from the density measurements.
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altitudes. Better results are obtained by utilizing temperatures determined from NGIMS measurements during the first deep dip campaign to define the upper boundary [Mahaffy et al., 2015] . During a deep dip, the lowest altitude of MAVEN periapse is roughly 125 km; ∼25 km lower than during normal science mapping. The solar zenith angle during this deep dip was close to 110 ∘ , roughly consistent with that for the occultations listed in Table 1 . The NGIMS and IUVS occultation measurements are complimentary in the sense that NGIMS measures the atmosphere at lower pressures and IUVS occultations at higher pressures and, for the best occultations, the measurement regions nearly overlap. Using the NGIMS temperature as the upper boundary temperature produces the red curves in Figure 3 . With either boundary conditions, most profiles exhibit significant departures from the MCD models.
To investigate this problem further, we show in Figure 4 the average temperature profiles for the Sco and Lyr occultations and their uncertainties calculated as the standard deviation of the mean along with comparable averages from the MCD database. Repeated observations of a star sample different longitudes but similar latitudes and local times. We can therefore calculate a rough longitude coverage by taking the mean of all occultations of a star. We calculate the means on a pressure grid rather than an altitude grid to account for possible variations in the lower atmosphere. The average IUVS profiles are calculated using the NGIMS upper boundary condition. The averaging procedure removes longitude variations and much of the small-scale, wave-like structure in the profiles. The mean profiles obtained using the MCD upper boundary are quite similar (differences smaller than measurement uncertainty) and so are not shown in Figure 4 .
The temperature profiles exhibit several interesting features. There is a temperature minimum at around 110 km, equivalent to ∼10 −3 Pa, which is at a slightly higher pressure than the mesopause predicted by the MCD models. Throughout this region, from 100-125 km (from 10 −2 to 10 −4 Pa in pressure space), the measured and predicted temperatures are in fairly good agreement, with the measurements slightly colder, by less than 10-20 K, than the models. This difference is comparable with or even smaller than the variability in the [Millour et al., 2014] (dashed) for this set of occultations. The blue and green shaded areas represent the uncertainties calculated as the standard deviation of the mean. NGIMS results [Mahaffy et al., 2015] are shown as the red curve. measured profiles. The standard deviation in this altitude range is between 10 and 25 K for the Sco occultations (latitude of −35 ∘ N) and around 10 K for Lyr occultations (latitude of 9 ∘ N). Larger differences develop at higher altitudes. The model temperatures increase steadily from the mesopause, eventually reaching an exospheric temperature of 150 K and 190 K for mean latitudes of around −35 ∘ N and 9 ∘ N, respectively, while the measured temperatures decrease at pressures less than 3.5 × 10 −5 Pa (around 135 km) reaching another minimum near 7×10 −6 Pa (around 145 km). The difference between the average of the data and the average of the model at this level reaches 50 K, which corresponds to a difference up to 50% of the measured temperature. [Bougher et al., 2004 [Bougher et al., , 2006 ; however, the McDunn et al. [2010] analysis was limited to pressures greater than 10 −4 Pa. Our results show that the difference continues to increase with decreasing pressure to the large values mentioned above. Eventually, as shown in the NGIMS profile, the atmospheric temperature increases to values of ∼275 K, which is significantly higher than the exospheric temperature in the model, while the temperature rise occurs at significantly lower pressures than predicted by the MCD models. The differences shown here are similar in shape but much larger in magnitude than that between GCM predictions and temperatures derived from accelerometer measurements on the Mars Reconnaissance Orbiter [Keating et al., 2008] .
Summary and Discussion
The results reported here suggest that there is considerable variability in the temperature gradient in the lower thermosphere and that we do not yet adequately understand this region of the Mars atmosphere. The failure of the models to predict the structure of the thermosphere indicates that the energy balance in the models does not represent that of the Martian thermosphere. With the limited observations to date it is difficult to pinpoint the reason for the disagreement. This first campaign probed only the nightside. The temperatures in this region are maintained by the transport of heat from the dayside to nightside. The fact that the observed temperatures are cooler than predicted may indicate that the day-night flow is overestimated in the models. Alternatively, the radiative cooling rates in the atmosphere may be larger than that contained in the models causing the lower thermosphere to cool faster than predicted [McDunn et al., 2010] . A more recent study by Medvedev et al. [2015] showed that enhanced CO 2 15 μm cooling due to elevated O densities together with gravity wave-induced cooling leads to temperature decreases of ∼20 K at high latitudes and ∼5 K at equatorial latitudes. Although significantly smaller than the discrepancies found here our results suggest that these mechanisms deserve further investigation. An important question is whether these cool nightside temperatures imply large day/night temperature differences at these levels or whether the lower thermosphere on the dayside is likewise surprisingly cool at these levels. If large day/night temperature differences do exist, they imply strong pressure forces that should alter the circulation of the upper atmosphere.
